Abstract. Non-alcoholic fatty liver disease (NAFLD) is an increasingly common condition which is associated with certain features of metabolic syndrome and insulin resistance. Peroxisome proliferator-activated receptor (PPAR)δ is an important regulator of energy metabolism and insulin resistance in diabetes. However, the function of PPARδ in NAFLD has not yet been fully elucidated. In the present study, in order to explore the function of PPARδ in NAFLD, we created a rat model of NALFD induced by a high-fat diet (HFD) and treated the rats with GW501516, a PPARδ agonist. We found that the lipid levels decreased, and hepatocellular ballooning and inflammatory cell infiltration were also significantly decreased following treatment of the rats with GW501516 compared to the untreated rats. Treatment with GW501516 also significantly decreased the homeostasis model assessment of insulin resistance (HOMA-IR) index, as well as the low-density lipoprotein (LDL) levels. In addition, treatment with GW501516 increased the levels of insulin-like growth factor-1 (IGF-1) and high-density lipoprotein (HDL) compared to the HFD group. Furthermore, the elevated levels of alanine aminotransferase (ALT), aspartate aminotransferase (AST), gamma-glutamyl transpeptidase (GGT) and alkaline phosphatase (ALP) in the HFD group were all restored to the normal control levels following treatment with GW501516. RT-qPCR and immunohistochemical staining revealed that the expression levels of sterol regulatory element binding protein-1c (SREBP-1c) and glucose transporter 2 (GLUT-2) were both restored to normal control levels following treatment with GW501516. Also, the levels of enzymes related to lipid metabolism were increased following treatment with GW501516. In conclusion, our findings demonstrate that treatment with GW501516 alleviates NAFLD by modulating glucose and fatty acid metabolism.
Introduction
Non-alcoholic fatty liver disease (NAFLD) is characterized by fat accumulation in the liver that is not due to alcohol abuse. Epidemiological data indicate that NAFLD is not simpl a liver disease, but rather a concentrated reflection of obesity, hyperlipidemia and insulin resistance and other metabolic disorders in the liver (1, 2) . Although low-grade NAFLD is considered a benign disease, without appropriate treatment, it can cause more severe liver injury, and may develop into non-alcoholic steatohepatitis, fibrosis, cirrhosis, and in some cases, hepatocellular carcinoma (3, 4) . Previous studies have revealed that NAFLD is more prevalent in obese individuals and patients with type 2 diabetes (5, 6) , suggesting an association between metabolic syndrome and insulin resistance (1, 4, (7) (8) (9) . However, the pathogenesis of NAFLD is not yet fully understood, and an effective treatment for NAFLD is yet to be developed.
Peroxisome proliferator-activated receptors (PPARs) are members of the steroid hormone nuclear receptor family (10) . The PPAR family encompasses PPARα, PPARγ and PPARβ/δ, which are all ligand-activated transcription factors that mediate the hormonal control of gene expression. PPARs serve as important modulators in glucose and fatty acid metabolic pathways, as well as in adipocyte proliferation, differentiation and apoptosis (11) (12) (13) (14) . Agonists of PPARs have been shown to be effective in the treatment of metabolic syndrome, such as type 2 diabetes mellitus and NAFLD (15, 16) . Thiazolidinediones (TZDs), a group of agonists of PPARγ, have been widely studied and used in the treatment of type 2 diabetes since 1997 (15) . Of these, pioglitazone, a selective agonist to the nuclear receptor PPARγ and to a lesser extent PPARα, has been shown to improve insulin resistance (17, 18) . PPARs are considered to have medical significance (19 been shown to ameliorate non-alcoholic steatohepatitis (20) . PPARγ has also been shown to regulate genes involved in insulin/insulin-like growth factor signaling, lipid metabolism and adipocyte-specific development (21) . PPARδ is ubiquitously expressed in skeletal muscle cells, as well as in liver cells (22, 24) . It has been documented that GW501516, a potent agonist to PPARδ, modulates glycometabolism, fatty acid metabolism and alleviates insulin resistance (22) (23) (24) . GW501516 increases fatty acid oxidation by increasing the levels of hepatic mRNAs associated with fatty acid β-oxidation, such as acyl-CoA oxidase (ACOX), carnitine palmitoyltransferase-1 (CPT-1) and liver fatty acid binding protein (L-FABP) (23, 25) . The increase in fatty droplets within hepatocytes and the development of steatohepatitis in mice fed a methionine-and choline-deficient diet has been shown to be inhibited by GW501516 (25) . However, the effects of GW501516 on NAFLD remain controversial, and the underlying mechanisms remain to be elucidated.
In the present study, we explored the effects of GW501516 in a rat model of NAFLD. It was found that GW501516 effectively alleviated NAFLD. Glucose and fatty acid metabolism, as well as the related enzymes, were also found to be regulated by GW501516.
Materials and methods

Animals and treatment.
Forty-six 8-week-old male Sprague-Dawley (SD) rats obtained from the Laboratory Animal Center of Xi'an Jiaotong University (Xi'an, China) were used in the present study. All the rats were housed under specific pathogen-free conditions with free access to water. All the experiments were carried out in adherence to a protocol approved by the Institutional Animal Care and Use Committee of Xi'an Jiaotong University. Of the 46 rats, some were fed a standard chow diet (Laboratory Animal Center of Xi'an Jiaotong University, Xi'an, China) and were assigned to the normal control group (n=10), while the others were used to establish a model of NAFLD. For the induction of NAFLD, the rats were fed a high-fat diet (HFD; 10% lard, 2% cholesterol, 5% saccharose, 0.5% hog bile extract and 82.5% standard chow diet) for 12 weeks. The 36 rats fed the HFD were assigned to the HFD control group (n=12), the GW501516 treatment group (n=12), or the pioglitazone treatment group (n=12). Therapeutic intervention with GW501516 (Santa Cruz Biotechnology, Santa Cruz, CA, USA) or pioglitazone (Santa Cruz Biotechnology) was initiated after 8 weeks on the HFD. GW501516 (10 mg/kg body weight/day, in water) and pioglitazone (10 mg/kg body weight/day, in water) were administered orally once a day to the rats in the respective groups from the 8th week until the 12th week. The rats in the HFD control group received the same amount of normal saline. Blood samples were collected from the tail vein and stored at -70˚C until biochemical analysis. At the end of each experiment, the rats were sacrificed by an intravenous administration of pentobarbital (overdose). The body weight, liver wet weight and body length of the rats were then measured. The hepatosomatic index was calculated as follows: hepatosomatic index = liver wet weight (g)/body weight (g). The body mass index was calculated as follows: body mass index = body weight (kg)/body length (m) 2 . The livers were cut into a number of sections and stored at -80˚C until tissue examination.
Biochemical assays. Serum fasting blood glucose (FBG), triglyceride (TG), total cholesterol (TC), low-density lipoprotein (LDL), high-density lipoprotein (HDL), alanine aminotransferase (ALT), aspartate aminotransferase (AST), gamma-glutamyl transpeptidase (GGT) and alkaline phosphatase (ALP) levels were measured using an automatic biochemical analyzer. The serum insulin levels were measured using an enzyme-linked immunosorbent assay (ELISA) kit (EIA2048; DRG International, Inc., Springfield, NJ, USA) according to the manufacturer's instructions. Insulin resistance was calculated using the homeostasis model assessment of insulin ressistance (HOMA-IR) as follows: fasting insulin (mIU/l) x fasting blood glucose (mmol/l)/22.5, as previously described (26) . The serum insulin-like growth factor-1 (IGF-1) levels were measured using an ELISA kit (IB39431) purchased from IBL (Minneapolis, MN, USA), according to the manufacturer's instructions.
Histological analyses. Histological analyses were performed according to a the methods described in a previous study (27) . Briefly, the liver tissues were fixed in 10% buffered formaldehyde and then embedded in paraffin. The paraffin-embedded tissues were cut into 5-µm-thick sections and were then stained with hematoxylin and eosin (H&E). To visualize the accumulation of fat droplets, sections of frozen liver tissue were stained with Oil Red O, and hematoxylin was introduced to labelmark the cell nuclei.
Immunohistochemical staining. The 5-µm-thick paraffinembedded sections of liver tissue were deparaffinized by changing the xylene twice, and this procedure was followed by rehydration in an ethanol gradient. Following antigen retrieval and non-specific binding blocking, the slides were incubated with primary antibodies diluted at 1:800 for 60 min at 37˚C. After washing 3 times, the slides were then incubated with HRP-conjugated rabbit anti-rat IgG (Cat. no. ab6734; Abcam, Cambridge, UK) diluted at 1:500 for 60 min at 37˚C. Color development was performed using a DAB Horseradish Peroxidase Color Development kit (Beyotime, Nantong, China). Hematoxylin was used for nuclear compartment visualization. Rabbit anti-rat sterol regulatory element binding protein-1c (SREBP-1c) and glucose transporter type 2 (GLUT-2) antibodies were purchased from Santa Cruz Biotechnology. The results were quantified using a color density assay using iVision software (version 4.0.9; BioVision Technologies, Exton, PA, USA).
RNA extraction and quantitative-polymerase chain reaction (RT-qPCR).
Total RNA from the rat livers was extracted using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions. cDNA was synthesized from 5 µg of the total RNA using a PrimeScript ® RT reagent kit (Takara, Dalian, China) with oligo(dT) primers as per the manufacturer's instructions. The quantitative PCR (qPCR) reactions were performed on a Bio-Rad iQ5 real-time thermal cycler using a SYBR ® Premix Ex Taq™ Ⅱ kit (Takara) in a 25-µl reaction system. All reactions were performed in triplicate, and the results are represented as relative mRNA expression data, which were calculated using the 2 -ΔΔCT method, as previously described (28) Statistical analysis. Data are expressed as the means ± SEM from a minimum of 3 experiments. Differences between groups were analyzed using the Student's t-test. A value of P<0.05 was considered to indicate a statistically significant difference.
Results
Hepatosomatic index and alterations in body mass index.
Pioglitazone, a prescription drug of the class TZD, which is used in the treatment of diabetes, was introduced in the present study as a positive control. After 12 weeks of being fed the HFD, the hepatosomatic index and body mass index of the rats were both significantly elevated (P<0.05) compared to the rats in the normal control group (Fig. 1) . However, 2 weeks of treatment with GW501516 or pioglitazone significantly reduced the hepatosomatic index (P<0.05) compared to the HFD group, although the hepatosomatic index was still significantly higher than that of the normal control group (P<0.05; Fig. 1A ). After 4 weeks of treatment with GW501516 or pioglitazone, the hepatosomatic index was almost reduced to the level of the normal control group (Fig. 1A) . Treatment with pioglitazone did not reduce the body mass index (Fig. 1B) . However, a significant decrease in body mass index was observed in the rats that were treated with GW501516 for 4 weeks (Fig. 1B) .
Alleviation of pathological changes in the liver following treatment with GW501516. After 4 weeks of treatment with normal saline, GW501516 or pioglitazone, the livers of the rats in all the groups were collected and analyzed using Oil Red O ( Fig. 2A) and H&E (Fig. 2B) staining. The histological examination of the livers of the rats from the normal control group exhibited a normal structure and architecture. No obvious lipid droplets or lobular inflammatory cell infiltration were observed (Fig. 2) . However, typical vesicular steatosis, hepatocellular ballooning, and lipid droplets were observed in the HFD group (Fig. 2) . After 4 weeks of treatment with GW501516 or pioglitazone, these pathological changes were significantly alleviated. In addition, it was clear that GW501516 had a more potent effect than pioglitazone, as lipid droplets, hepatocellular ballooning and inflammatory cell infiltration were scarcely observed in the group treated with GW501516 (Fig. 2) .
Effect of GW501516 on glucose metabolism. In order to investigate whether treatment with GW501516 affects glucose metabolism, serum was collected from the rats at the end of each treatment for the determination of the levels of fasting blood glucose, fasting insulin and IGF-1. The HOMA-IR index was calculated based on the levels of fasting blood glucose and fasting insulin. As expected, a significant increase in the serum levels of fasting blood glucose and fasting insulin, as well as in the HOMA-IR index was observed in the rats in the HFD group compared to the rats of the normal control group. In addition, a significant decrease in the levels of IGF-1 was observed in the HFD group compared to the normal control group (Fig. 3) . However, 4 weeks of treatment with pioglitazone significantly decreased the levels of fasting blood glucose and fasting insulin, and the HOMA-IR index, and increased the levels of IGF-1 compared to the HFD group (Fig. 3) . Nonetheless, these levels and indexes still differed significantly from those of the normal control group (Fig. 3) . However, 4 weeks of treatment with GW501516 almost restored these indexes to normal levels (Fig. 3) . This suggested that glucose metabolism is regulated by GW501516.
Effect of GW501516 on lipid metabolism. To determine the effect of GW501516 on lipid metabolism, the levels of TG, TC, HDL and LDL in the serum were measured. In contrast to the normal control group, the levels of TG, TC and LDL were all significantly increased, and the levels of HDL were significantly decreased in the HFD group (Fig. 4) . However, 4 weeks of treatment with pioglitazone significantly decreased the levels of TG, TC and LDL, and increased the levels of HDL in comparison to the HFD group (Fig. 4) . Treatment with GW501516 almost restored the TG, TC, LDL and HDL levels to normal levels (Fig. 4) . This suggested that lipid metabolism may be regulated by GW501516.
Effect of GW501516 on the levels of liver enzymes.
To evaluate liver function, the serum levels of ALT, AST, GGT and ALP were determined. As shown in Fig. 5 , the levels of ALT, AST, GGT and ALP were all significantly elevated in the HFD group compared to those of the normal control group, and these were all markedly reduced after 4 weeks of treatment with GW501516 compared to the HFD group (Fig. 5) . These data indicate that GW501516 effectively alleviates NAFLD and that it is more effective than pioglitazone, since treatment with pioglitazone did not reduce the ALT, AST, GGT or ALP levels to the same extent.
Expression of SREBP-1c and GLUT-2 is restored following treatment with GW501516.
The above-mentioned findings indicate that treatment with GW501516 regulates glucose and lipid metabolism. To elucidate the underlying mechanisms responsible for the effects of GW501516 on glucose and lipid metabolism, the expression levels of SREBP-1c, a key lipogenic transcription factor involved in lipogenesis (29, 30) , and GLUT-2 were determined. As expected, the mRNA levels of SREBP-1c were significantly upregulated and those of GLUT-2 were significantly downregulated in the livers of the rats in the HFD group compared to the normal control group (Fig. 6A and B) . However, these levels were both restored to almost normal levels after 4weeks of treatment with GW501516 ( Fig. 6A and B) . A similar trend was observed in relation to the protein expression of SREBP-1c and GLUT-2, as was determined by immunohistochemical staining (Fig. 6C  and D) . These data suggest that GW501516 modulates glucose and lipid metabolism by regulating SREBP-1c and GLUT-2 expression. 
Expression of genes related to fatty acid synthesis is regulated by GW501516.
Previous studies have demonstrated that the expression of genes related to lipid metabolism is modulated by PPARs (31-35), and it has been shown that the expression of SREBP-1c, a key lipogenic transcription factor, is regulated by GW501516 (36) . As DGAT, CPT-1, ACOX1 and ACOX3 are important rate-limiting enzymes which are related to lipid metabolism, we determined the transcriptional levels of these genes in order to evaluate the effects of GW501516 on lipid metabolism. As shown in Fig. 7 , the transcriptional levels of DGAT1, CPT-l and ACOX1 were all significantly upregulated; however, those of ACOX3 were only slightly altered by the HFD. Four weeks of treatment with GW501516 did not greatly alter the transcription levels of DGAT1, in comparison to those of the HFD group. This suggests that triglyceride synthesis is not significantly affected by GW501516, as DGAT1 is the rate-limiting enzyme for the synthesis of TGs from diacylglycerols (37) . However, the transcriptional levels of CPT-l, ACOX1 and ACOX3 were significantly upregulated following tretment with GW501516 compared to the levels of the HFD group (Fig. 7) . These data suggest that the β-oxidation of fatty acids in the mitochondria and peroxisomes is improved by treatment with GW501516, as CPT-l is the rate-limiting enzyme for β-oxidation in the mitochondria (38) , and ACOX1/ACOX3 are the rate-limiting enzymes for β-oxidation in peroxisomes (39). 
Discussion
NAFLD is an increasingly common condition, characterized by the increased accumulation of lipids in the liver, which may lead to the development of progressive hepatic fibrosis, cirrhosis and hepatic failure. The increase in fat deposits in the liver can be caused by an increase in the uptake of free fatty acids into the liver, impaired fatty acid β-oxidation, or the increased incidence of de novo lipogenesis (40) . NAFLD is closely related to obesity, hyperlipidemia and insulin resistance, as well as other other metabolic disorders in the liver (1, 2) . A recent study emphasized the important role that PPARs play in certain metabolic disorders and NAFLD (41) . PPARs, which are known to be important regulators of energy metabolism and homeostasis, play a role in modulating the accumulation of TGs in the liver, which is a hallmark of the development of NAFLD (32, 41, 42) .
GW501516, as a potent agonist of PPARδ, regulates glycometabolism, fatty acid metabolism and insulin resistance (22) (23) (24) . GW501516 has been shown to enhance the β-oxidation of liver fatty acids by increasing the expression of PPARα-target genes involved in fatty acid oxidation (23) . Several studies have highlighted that insulin resistance is a main characteristic of NAFLD (1, 7, 8) . In skeletal muscle cells, treatment with GW501516 has been shown to prevent fatty acid-induced inflammation and insulin resistance in by preventing the phosphorylation of insulin receptor substrate-1 at Ser307 and the inhibition of insulin-stimulated Akt phosphorylation, which is caused by exposure to the saturated fatty acid, palmitate (22) . The expression of two well-known PPARδ target genes involved in fatty acid oxidation, CPT-1 and pyruvate dehydrogenase kinase 4, has also been shown to be elevated following treatment with GW501516 (22) . In human liver cells, treatment with GW501516 has been shown to increase the adenosine monophosphate (AMP)/adenosine triphosphate (ATP) ratio and decrease the ATP/adenosine diphosphate (ADP) ratio, thus contributing to the prevention of insulin resistance (24) . GW501516 can also prevent endoplasmic reticulum stress-associated inflammation and insulin resistance in skeletal muscle cells by activating AMPK (43, 44) . The Akt and ERK signaling pathways have also been shown to be involved in the effects of GW501516 (45) . In a previous study, in INS-1E cells treated with GW501516, the expression of v-maf avian musculoaponeurotic fibrosarcoma oncogene homolog A (MafA), GLUT-2, and the upregulation of insulin, indicated that the c-Jun N-terminal kinase (JNK)-MafA-GLUT-2 pathway was involved in the enhanced effects of PPARδ on insulin secretion (46) . GW501516 also possesses the ability to reduce the proliferative potential of hepatoma cells (47) . All these studies suggested that GW501516 alleviates NAFLD, as GW501516 is able to increase fatty acid oxidation, reduce insulin resistance, prevent endoplasmic reticulum stress and hepatocyte proliferation and induce insulin secretion. However, GW501516 cannot diminish the progression of liver fibrosis. The induction of hepatic stellate cell (HSC) apoptosis is a potent strategy used to diminish the progression of liver fibrosis. However, GW501516-activated PPARβ/δ promotes liver fibrosis through the p38-JNK MAPK-induced HSC proliferation (48), and decreases the soluble egg antigen (SEA)-induced HSC apoptosis (49). However, KD3010, another agonist of PPARδ, has been shown to have hepatoprotective and antifibrotic effects in hepatocytes and in a model of cholestasis-induced liver injury and fibrosis (50) . Therefore, the effects of GW501516 on NAFLD are still debatable.
In the present study, we demonstrated that treatment with GW501516 significantly alleviated the pathological changes in the livers of rats in our model of HFD-induced NAFLD. GW501516 significantly decreased the HOMA-IR index, and increased the levels of IGF-1 in the rats with HFD-induced NAFLD, indicating that insulin resistance was reduced by GW501516. This finding was consistent with that of previous studies (22, 24, 43) . We also demonstrated that the protective effects of GW501516 were more potent than those of pioglitazone. The decreased expression of GLUT-2 in the livers of the rats in our NAFLD model was significantly increased following treatment with GW501516, almost to normal levels (Fig. 6B) . Cao et al (46) demonstrated that GW501516 upregulated the expression of GLUT-2 through the JNK-MafA-GLUT-2 pathway. These results suggest that glucose metabolism is modulated by GW501516. In our study, the expression of SREBP-1c, a key lipogenic transcription factor involved in lipogenesis, was also reduced to normal levels following treatment with GW501516 (Fig. 6A) . We also demonstrated that the mRNA levels of DGAT1 were not significantly altered, but those of CPT-1, ACOX1 and ACOX3 were all significantly upregulated following treatment with GW501516 (Fig. 7) . DGAT1 catalyzes the formation of TGs from diacylglycerol and Acyl-CoA (37) . This is considered the terminal and only committed step in TG synthesis. CPT-1 is the rate-limiting enzyme involved in the β-oxidation of long-chain fatty acids (38) . ACOX1 catalyzes the first, rate-limiting step in peroxisome β-oxidation, of medium to very long straight-chain fatty acids, and ACOX3 is involved in the desaturation of branched fatty acids in peroxisomes (39). Our observations indicated that TG synthesis was not significantly affected by GW501516 treatment, but that the β-oxidation of fatty acids was significantly enhanced. This observation was in line with that of a previous study, in which fatty acid oxidation was increased by the activation of PPARδ in human myotubes (51) .
Although we demonstrated that treatment with GW501516 alleviated NAFLD by modulating glucose and lipid metabolism, the contribution of the activation of PPARδ to this process remains to be clarified, as PPARα and PPARγ may also be activated by GW501516. However, it has been suggested that PPARδ plays a major role in the effects of GW501516 on NAFLD since GW501516 displays a high affinity (Ki = 1 nM) and potency (EC 50 = 1 nM) for PPARδ that is 1,000-fold greater than that for PPARα and PPARγ (52) .
In conclusion, in the present study, we demonstrated that GW501516 prevented the progression of NAFLD in our rat model of HFD-induced NAFLD. GW501516 improved glucose and fatty acid metabolism by modulating the levels of glucose and fatty acid metabolic enzymes. Our results thus suggest that treatment with GW501516 may prove to be a potential therapeutic strategy for NAFLD.
